ABSTRACT: We investigated viral dynamics in the surface seawater at 13 stations in the western South China Sea (SCS) during the summer of 2007; 2 cold eddies formed during the sampling period. We found modest viral production and viral decay rates. Colloidal and heat-labile substances were important causes of viral removal (range 9.47 to 55.64% of viral production). During the sampling period, 26.44 to 96.08% (average 77.82%) of bacterial production was lysed by viruses, and a highly significant positive relationship was found between the rate of virus-induced bacterial mortality (m) and bacterial growth rate (μ). According to the hydrological conditions and station location, the 13 stations investigated in the SCS were further subdivided into 4 regions: Cold Eddy I (CE I), Cold Eddy II (CE II), oligotrophic oceanic water (OO water) and Mekong River plume (MR plume). Overall, viral activities appeared more dynamic in mesotrophic cold eddies and in the river plume than in oligotrophic SCS waters. However, a significantly lower bacterial growth rate, virus-induced bacterial mortality rate and m/μ, together with a high burst size in the MR plume compared to the CE I, CE II and the OO water, indicates that bacterial and viral activities have distinct responses to the upwelling of cold subsurface waters and the freshwater plume. Our results demonstrate that viral lysis is an important cause of loss of bacterial production in the SCS in summer, which may enhance CO 2 emission to the atmosphere by respiratory processes.
INTRODUCTION
In the last 2 decades, the ecological role of viruses in marine microbial food webs has been well documented (Fuhrman 1999 , Weinbauer 2004 ). Viral lysis recycles bacterial production back into the dissolved organic carbon pool through the viral shunt and enhances CO 2 emissions by bacterial respiration (Wilhelm & Suttle 1999) . It has been reported that viruses could cause a mortality rate of picoplankton comparable to grazing effects in freshwater and marine systems (Fuhrman & Nobel 1995 , Wommack & Colwell 2000 . In order to better understand the role of viruses in oceanic microbial processes, it is necessary to have a clear understanding of viral dynamics, exemplified in viral abundance, production, decay rate, turnover, virus-induced bacterial mortality and burst size.
Previous studies have shown that the distribution of viral abundance is related to hydrological featuressuch as temperature, salinity or water depth -and the trophic state of the water column has been proposed as a possible driving force controlling the spatial distribution of viruses (Cochlan et al. 1993 , Weinbauer et al. 1993 , Hara et al. 1996 . Viral abundance is greater in productive and nutrient-rich environments, and it is significantly correlated with chlorophyll a (chl a) and primary production (Wommack & Colwell 2000) . However, Corinaldesi et al. (2003) has reported that changing trophic and hydrodynamic conditions do not directly influence viral distribution, but do influence bacterial activity and host cell abundance.
An accurate evaluation of viral production and viral decay rate is critical for determining potential changes in viral numbers in space and time (Noble & Fuhrman 2000) . Viral production can be high in non-steady-state systems, such as tidally driven mixing (Wilhelm et al. 2002) , and various studies have shown that the highest viral production occurs in eutrophic waters and the lowest in oligotrophic coastal waters (Hewson et al. 2001 , Bongiorni et al. 2005 . The higher viral production in eutrophic waters is caused by higher bacterial production and host cell metabolic activities. Many factors, such as ultraviolet radiation, absorption onto particles, temperature, colloidal and heat-labile substances (extracellular enzymes), grazing, lysogenic infection and other, unknown, factors are involved in removing viruses from the water (i.e. viral decay) (Payment et al. 1988 , González & Suttle 1993 , Noble & Fuhrman 1997 , Wilhelm et al. 1998 , Binder 1999 , Bongiorni et al. 2005 , De Paepe & Taddei 2006 ). Viral decay rates in the surface seawater have been reported to vary over 3 orders of magnitude across different methodologies (reviewed by Parada et al. 2007) . Although temperature has proved to be an important factor determining viral decay rates (Parada et al. 2007 ), another study also shows that viral decay rates decrease along the trophic gradient (eutrophic to oligotrophic) (Bongiorni et al. 2005) . The mechanisms for removal of viruses in eutrophic and oligotrophic waters are different: colloidal and heat-labile substances, absorption onto particles and grazing have accounted for more than 90% of viral production in eutrophic waters, while these factors have accounted for less than 10% of viral production in oligotrophic waters (Bongiorni et al. 2005 ).
Estimation of virus-induced bacterial mortality is crucial for quantifying the effects of viral lysis on the cycling of dissolved organic matter. Some studies indicate that virus-induced bacterial mortality strongly depends on trophic conditions (Weinbauer et al. 1993 , Noble & Fuhrman 2000 , Weinbauer et al. 2003 . For example, Noble & Fuhrman (2000) have reported a potential increased impact of viruses on bacteria in the absence of protists in nearshore and meso-oligotrophic waters and a possible decreased impact of viruses in offshore waters. However, a separate study by the same authors indicated that virus-induced bacterial mortality was not directly related to trophic status (Noble & Fuhrman 1999 ). Thus, it seems that the factors determining virus-induced bacterial mortality are still not well understood.
Viral dynamics have been less well studied in oligotrophic open oceans than in coastal and estuarine environments. The South China Sea (SCS) is the second largest marginal sea in the world. It is characterized by an oligotrophic central basin and is influenced by large rivers, such as the Mekong and Pearl Rivers. Cyclonic and anticyclonic eddies, which play a very important role in the biogeochemical processes in the ocean (Falkowski et al. 1991 , McGillicuddy et al. 1998 , Bidigare et al. 2003 , often occur in various parts of the SCS (e.g. Wang et al. 2008 and references therein).
To date, viral dynamics and the effects of viruses on bacteria have not been well studied in the SCS. Here, we report a thorough study of viral production, viral decay, and virus-induced bacterial mortality for the first time in the western SCS. In particular, we focus on the 2 eddies that developed during the cruise.
MATERIALS AND METHODS
Sampling stations. A total of 13 stations were investigated during a cruise in the SCS from 10 August to 14 September 2007 (Fig. 1) . A major feature of the cruise was the formation of 2 cold eddies during the sampling period. The center of Cold Eddy I (CE I) was located at 14.25°N, 111.75°E (Stn TS-1), and CE I covered Stns YS06 and YS12; the center of Cold Eddy II (CE II) was located at 12.50°N, 111.00°E, and CE II covered Stns Y03, Y00 and Y20. In addition, a bloom of Tricho desmium spp. was observed at Stn YS12 during the sampling period. At each station, 20 l of surface sea water were collected in a bucket and then immediately transferred to a 20 l acid-rinsed polycarbonate carboy. Water samples were first taken for measurements of chlorophyll a (chl a) and the abundance of hetero trophic bacteria and viruses; the remaining water was processed within 1 h for setting up experiments on virus-induced bacterial mortality rate, viral decay rate and viral production. Temperature and salinity measurements were obtained using a Sea Bird Electronics SBE 911 conductivity-temperature-depth (CTD) sensor.
Chlorophyll a. Seawater (150 ml) was filtered through GF/F glass-fiber filters (Whatman) on board ship and then transferred to liquid nitrogen until analysis in the laboratory. Chl a was extracted using 90% acetone at 4°C for 24 h and then determined by fluorescence analysis with a Shimadzu RF-5301PC spectrofluorometer (Parsons et al. 1984) .
Bacterial and viral abundance. Seawater samples (2 ml) were taken for analysis of prokaryotes and viral abundance. Samples were fixed with EM-grade glutaraldehyde (1% final conc.) which had been filtered through an Al 2 O 3 Anodisc membrane of pore size 0.02 µm (Whatman); fixation was carried out for 15 min at 4°C in the dark, and the samples were then stored at -80°C until analysis (Vaulot et al. 1989) . The procedures below are according to Olson et al. (1990) . The abundance of total heterotrophic bacteria and viruses was determined using an Epics Altra II flow cytometer equipped with an air-cooled argon-ion laser (15 mw, 488 nm; Beckman Coulter). The heterotrophic bacterial samples were stained with 0.02% SYBR Green I (Molecular Probes) for 15 min in the dark and then analyzed for 100 s at a rate of 0.1 to 1 ml h -1
. Viral samples were initially diluted with TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) which had been filtered through an Al 2 O 3 Anodisc membrane of pore size 0.02 µm; the samples were then incubated with 0.02% SYBR Green I at 80°C for 10 min (Brussaard 2004) . After cooling for 5 min, viral samples were immediately analyzed for 100 s at a rate of 0.1 to 1 ml h -1 . The discriminator was set on green fluorescence for both bacteria and viruses. All the samples were analyzed twice at an event rate of about 200 events s -1 , and more than 10 000 events were accumulated. Data were analyzed using FCS Express V3 software (De Novo Software).
Experimental set-up. We designed the following experiments to estimate virus-induced bacterial mortality rate, viral decay rate and viral production. 10 l of seawater were initially filtered through a Maxi Capsule (Pall) of pore size 0.22 µm and then processed with a spiralwound ultrafiltration cartridge with a molecular weight cut-off of 100 kDa (Prep/Scale Spiral Wound TFF-6 Module PTHK, Millipore) to produce the virus-free seawater.
Viral lysis: The virus-induced bacterial mortality rate was estimated by the 'virus dilution approach' of Jacquet et al. (2005) , which is a modification of the dilution method of Landry & Hassett (1982) . Seawater was filtered twice through polycarbonate filters of pore size 2 µm (GE Water & Process Technologies) to exclude all grazers. The 2 µm filtrates were diluted with the virus-free seawater at a series of dilution gradients, i.e. 20, 40, 70 and 100% in 150 ml polycarbonate bottles. A control containing only virus-free seawater was also set up in parallel. Duplicates were prepared and incubated in a bath cooled by running seawater and exposed to natural sunlight for 24 h. Samples for the enumeration of bacteria were taken at times 0 and 24 h. The apparent growth rate in 24 h (k, d ) were calculated as the y-intercept and slope of linear regression fitted to the apparent growth rates (all bottles in duplicate dilution series) plotted against dilution factors (see Fig. 4 ). A carbon budget was also calculated using μ combined with a value of bacterial cellular carbon content from the literature (1.1 × 10 -8 µg C cell -1 ) (Liu et al. 2007 ). Bacterial production (BP, µg C l -1 d -1
) was calculated by the formula:
where BA is bacterial abundance (cells ml ) was calculated by the formula:
Viral decay rate: The viral decay rate was estimated following Noble & Fuhrman (1997) . Seawater (600 ml) was filtered through polycarbonate filters (pore size 0.22 µm, GE Water & Process Technologies), filled into triplicate 150 ml polycarbonate bottles, and then incubated in a temperature-controlled bath in the dark for 12 h. Subsamples were collected to enumerate viruses at regular intervals (2.5 to 3 h). The viral decay rate in each bottle was calculated as the slope of the linear regression fitted to the natural logarithm of viral abundance plotted against time (Fig. 2a) , and the average rate from triplicate bottles was used as the in situ viral decay rate. Because grazers, bacteria and large particles were excluded, and the bottles were incubated in the dark, the major factor causing viral decay in this study was colloidal and heat-labile substances.
Viral production: Viral production was estimated using a 'modified virus dilution approach' (Bongiorni et al. 2005) originating from the 'virus reduction approach' developed by Wilhelm et al. (2002) . Triplicates of 20 ml of seawater were transferred to 150 ml polycarbonate bottles, and the bottles were then filled with virus-free seawater and incubated in the dark for 12 h; the bottles were cooled by running seawater. Subsamples were collected to enumerate viruses at regular intervals (2.5 to 3 h). Apparent viral production was calculated for every bottle (AVP bottle ). Generally, there were 5 patterns relating to the curve of viral abundance versus incubation time (Fig. 2b,c) . AVP bottle was calculated by different methods based on the peaks of viral abundance, V, during incubation. For curves with only 1 peak (Fig. 2b) , AVP bottle was calculated as follows: patterns i and iii, the slope of linear regression fitted to viral abundance plotted against time; and pattern ii, the slope of the curve between V max and V min . For curves with 2 peaks (Fig. 2c) : patterns iv and v, AVP bottle was calculated by the formula:
where t = time. ) was calculated using the following formula:
Statistics. A Pearson correlation matrix (SPSS version 13.0) was calculated to describe the correlations between temperature, salinity, chl a, SiO 3 2 -, bacterial and viral abundance, ratio of viral to bacterial abundance (VBR), bacterial growth rate, virus-induced bacterial mortality rate, viral decay rate, viral production, bacterial production, virus-induced loss of bacterial production, viral turnover time, and burst size. A single linear regression was conducted using SigmaPlot 10.0. Analysis of variance (ANOVA) and LSD Posthoc tests were used to assess differences in parameters between environments using the statistical software SPSS 13.0. A probability (p) of < 0.05 was considered significant. Data were log transformed before analysis when necessary to meet the requirements of normal distribution.
RESULTS

Hydrographic features
Based on temperature and salinity, the 13 stations investigated were divided into 4 types of water: CE I (Stns TS-1, YS06 and YS12), CE II (Stns Y03, Y00 and Y20), oligotrophic oceanic water (OO water; Stns Y96, Y86, Y60 and Y45) and Mekong River plume (MR plume; Stns Y05, Y23 and Y25) ( Table 1 , Fig. 1 ). CE I was evident from the temperature and salinity distribution, while CE II was only partly covered by our sampling efforts -an intact CE II was not visible (Fig. 3a,b) . The MR plume could be traced from reduced salinity and increased temperature compared to the surrounding waters (Table 1 , Fig. 3a,b ). In addition, CE II should have some residual Mekong River freshwater plume, which is illustrated by the distribution of chl a in the SCS in the summer of 2007, retrieved from SeaWiFS ( Fig. 1 ). Inorganic nitrogen and phosphorus concentrations in the surface mixed layer were all below the detection limit of colorimetric methods (M. Dai pers. comm.), but the concentration of silicate was measurable (Table 1) Chlorophyll a
Surface chl a varied from 0.063 to 0.171 µg l -1 among the stations investigated, with an average of 0.115 ± 0.037 µg l -1 (n = 13; Table 1 ). Generally, chl a was significantly lower in the OO water than in the other 3 types of water -CE I and II and the MR plume (ANOVA, p < 0.05, n = 13) -while chl a among the latter 3 waters was comparable and displayed no significant difference (ANOVA, p > 0.05, n = 13).
Bacterial abundance
Heterotrophic bacterial abundance was low in the surface water during our cruise, ranging from 0.35 to 0.70 × 10 6 cells ml -1 (average 0.52 ± 0.11 × 10 6 cells ml -1
, n = 13; Table 2 ). The highest concentration was found at Stn Y23 in the MR plume, and the lowest at Stn Y86 in the OO water, respectively (Table 2 , Fig. 3e ). Bacterial abundance in the OO water was significantly lower (ANOVA, p < 0.05, n = 13) than in the other 3 waters (Table 2 ; Fig. 3e ), whereas no significant differences existed between CE I, CE II and the MR plume. Bacterial abundance was positively related to chl a (Pearson's, r = 0.850, p < 0.01, n = 13; Table 3 ).
Viral abundance
Viral abundance varied from 0.76 × 10 7 to 1.44 × 10 7 viruses ml -1 (average 1.00 ± 0.23 × 10 7 viruses ml -1 , n = 13) ( Table 2 ). The highest abundance was found at Stn Y05 (1.44 ± 0.09 × 10 7 viruses ml -1 ) in the MR plume, whereas the lowest was found at Stn Y86 (0.76 ± 0.11 × 10 7 viruses ml -1 ) in the OO water (Table 2 , Fig. 3f ). Viral abundances among the 4 types of water were not significantly different from each other (ANOVA, p > 0.05, n = 13; Table 2 ). Viral abundance was neither correlated with chl a (Pearson's, r = 0.309, p > 0.05, n = 13; Table 3 ) nor with bacterial abundance (Pearson's, r = 0.463, p > 0.05, n = 13; Table 3 ).
VBR ranged from 14 to 27 (average 20.38 ± 5.16, n = 13; Table 2 ). The higher VBR was found in the OO water (average 23.50 ± 3.70), and the lower VBR (average 17.33 ± 3.06) was found in CE I (Table 3) . There were no significant differences of VBR among different waters (ANOVA, p > 0.05, n = 13; Table 2 , ) were significantly lower than in other waters (Table 4 , Fig. 3h ). The bacterial growth rate was positively correlated with salinity (Pearson's, r = 0.635, p < 0.05, n = 13; Table 3 ).
The virus-induced bacterial mortality rate (m) varied from 0. (Stn Y60, in the OO water), and the average mortality rate among the 13 stations investigated was 0.84 ± 0.28 d -1 (Table 4) . Mortality rates were extremely low at Stns Y23 and Y25 (0.23 and 0.32 d -1 , respectively), both of which are located in the MR plume ( Fig. 3i ). The mortality rate decreased with bacterial abundance (Pearson's, r = -0.550, p = 0.052, n = 13; Table 3 ) and was positively correlated with salinity (Pearson's, r = 0.771, p < 0.01, n = 13; Table 3),  SiO 3 2--(Pearson's, r = 0.624, p < 0.05, n = 13; Table 3 ) and bacterial growth rate (Pearson's, r = 0.790, p < 0.001, n = 13; Table 3 , Fig. 5 ).
Among the 13 stations, bacterial production averaged 5.94 ± 1.51 µg C l , respectively) ( Table 4 ; Fig. 3n ). Bacterial production was positively correlated with chl a (Pearson's, r = 0.544, p < 0.05, n = 13; Table 3 ).
The average BP Loss was 4.59 ± 1.63 µg C l -1 d -1 for all 13 stations investigated (Table 4) , respectively) ( Table 4 , Fig. 3o ). BP Loss was positively correlated with salinity (Pearson's, r = 0.708, p < 0.01, n = 13; Table 3 ) and with bacterial growth rate (Pearson's, r = 0.724, p < 0.01, n = 13; Table 3 ).
Viruses caused approximately 77.82 ± 20.12% loss of bacterial biomass produced per day (i.e. m/μ ratio), with the highest loss at Stn TS-1 (96.08%) in CE I and the lowest at Stn Y23 (26.44%) in the MR plume (Table 4 , Fig. 3j) . The m/μ ratio averaged 83.48 ± 15.37, 85.88 ± 8.00, 87.24 ± 5.91 and 51.57 ± 26.80% in CE I, CE II, OO water and MR plume, respectively (Table 4 , Fig. 3j) , and was significantly lower in the MR plume than in the other 3 waters (ANOVA, p < 0.05, n = 13). The m/μ ratio was positively correlated with salinity (Pearson's, r = 0.716, p < 0.01, n = 13; Table 3 ) and with SiO 3 2 -(Pearson's, r = 0.612, p < 0.05, n = 13; Table 3 ). The m/μ ratio decreased with bacterial abundance (Pearson's, r = -0.546, p = 0.054, n = 13; Table 3 ).
Viral production and viral decay rate
Viral production was about 1.03 ± 0.39 × 10 6 viruses ml -1 h -1 in the investigated area (Table 4 ). The highest viral production appeared in CE I (Stn TS-1, 1.63 ± 0.51 ) in the OO water (Table 4 , Fig. 3l ). Viral production in CE I was higher than in OO water (average 0.97 ± 0.57 × 10 6 versus 0.85 ± 0.46 × 10 6 , respectively) as was that in CE II compared to MR plume (average 1.35 ± 0.22 × 10 6 versus 1.00 ± 0.07 × 10 6 , respectively) ( Table 4 , Fig. 3l ). Viral production did not differ significantly among different waters (ANOVA, p > 0.05, n = 13; Table 4 , Fig. 3l ). In the southern area, viral production was positively correlated with bacterial growth rate (Pearson's, r = 0.958, p < 0.01, n = 6) and bacterial production (Pearson's, r = 0.861, p < 0.05, n = 6). However, no significant relationship between viral production and bacterial growth rate or bacterial production was found in the northern area.
Viral decay rates were between 0.007 and 0.051 h -1 among the stations investigated (Table 4) . At Stn Y86 in the OO water, the lowest viral decay rate (0.007 h -1 ) was observed, accompanied by the lowest viral abundance. Viral decay rates in the southern area (average 0.043 ± 0.011 h -1 in CE II, and 0.037 ± 0.007 h -1 in the MR plume) were higher than those in the northern area (0.027 ± 0.009 h -1 in CE I, and 0.022 ± 0.014 h -1 in the OO water) (Table 4, Fig. 3k ). No significant difference (ANOVA, p > 0.05, n =13) of viral decay rates was found between the different waters. Viral decay rates increased significantly with temperature (Pearson's, r = 0.639, p < 0.05, n = 13) ( Table 3 ). In addition, there was a correlation between viral production and viral decay rate (Pearson's, r = 0.557, p < 0.05, n = 13) ( Table 3) .
The ratio of viral decay rate to viral production (VDR/VP) was about 32.23 ± 14.76%, with the lowest at Stn TS-1 (9.47%) in the OO water and the highest at Stn YS12 (55.64%) in CE I (Table 4 , Fig. 3m ). VDR/VP ranged from 9.47 to 55.64% in CE I, from 20.30 to 47.08% in CE II, from 9.59 to 34.09% in the OO water, and from 38.02 to 46.91% in the MR plume (Table 4 , Fig. 3m ). VDR/VP was higher in the MR plume (average 41.48 ± 4.76%), while it was lower in the OO water (average 21.91 ± 11.17%). The average VDR/VP was not significantly different among CE I and II, the MR plume and the OO water (ANOVA, p > 0.05, n = 13). VDR/VP significantly increased with temperature (Pearson's, r = 0.611, p < 0.05, n = 13) ( Table 3 ).
Viral turnover and burst size
Viral turnover time among the stations studied was between 6.59 h (Stn TS-1 in CE I) and 42.30 h (Stn YS12 in CE II) and averaged 18.07 ± 10.15 h (Table 4 , Fig. 3p ). Viral turnover times among different waters were not significantly different (ANOVA, p > 0.05, n = 13), about 23.22 ± 17.98 h in CE I, 12.62 ± 5.80 h in CE II, 16.34 ± 8.94 h in the OO water and 20.70 ± 6.33 h in the MR plume (Table 4 , Fig. 3p ).
Burst size ranged from 23 to 177 viruses cell -1 among all stations (average 64 ± 40; Table 4 , Fig. 3q) Fig. 3q ). Burst size was negatively correlated with salinity (Pearson's, r = -0.596, p < 0.05, n = 13; Table 3 ) and bacterial growth rate (Pearson's, r = -0.604, p < 0.05, n = 13) ( Table 3) .
DISCUSSION
Methodological issues
Viral lysis
A modified Landry-Hassett dilution approach was used to explore the impact of viral lysis on bacterial mortality; this approach has several limitations (Evans et al. 2003, Bau- Table 4 . Absolute and mean ± SD values of viral and bacterial dynamic parameters at stations investigated in the western South China Sea. Abbreviations for the 4 types of water studied are explained in Table 1; see Table 3 for all other abbreviations doux et al. 2006 doux et al. , 2007 doux et al. , Kimmance et al. 2007 ), which are discussed below. First, the filtered seawater used to dilute samples might have contained nanoflagellates smaller than 2 µm, which consume both bacteria and viruses (Jacquet et al. 2005) . It has been reported that grazing by heterotrophic flagellate assemblages removes only a small portion of viral abundance or production (González & Suttle 1993 , Bettarel et al. 2005 , and our preliminary experiments also showed that this proportion was negligible for both viruses and bacteria (data not shown).
Second, ultrafiltration eliminates particulate organic matter and high-molecular-weight dissolved organic matter larger than 100 kDa. The exclusion of grazers might also reduce the generation of inorganic matter and the supply of labile dissolved organic matter for bacteria (Nagata 2000) . Thus, the bacterial growth rate might be limited in viral lysis dilution experiments. On the other hand, because the virus-free water contains low-molecular-weight dissolved organic matter with no bacteria, the effect of substrate limitation caused by ultrafiltration and exclusion of grazers might be partially offset.
Third, a host density threshold, below which infection cannot take place (Wiggins & Alexander 1985 , Weinbauer & Peduzzi 1994 , Wilcox & Fuhrman 1994 , might have occurred due to bacterial abundance as low as 20% of the natural abundance in the most diluted bottles. If a threshold of 10 4 cells ml -1 (Wiggins & Alexander 1985) was used, bacterial abundance in our experiments did not fall below this thresholdeven in the most diluted treatment (20%), where the lowest bacterial abundance was higher than 10 5 cells ml -1 (Table 2) . High viral abundance (10 6 to 10 7 viruses ml -1
, Table 2 ) further demonstrated that contact rate and infection rate between bacteria and bacteriophages were not compromised in the dilution series. Moreover, the linear responses obtained from the dilution experiments in all 13 stations suggest that bacterial abundance was not diluted below this threshold level (Fig. 4) .
Viral production
The dilution and re-occurrence approach has been increasingly used and has proved to be useful for estimating viral production in different aquatic environments (Wilhelm et al. 2002 , Winter et al. 2004 , Mei & Danovaro 2004 , Bongiorni et al. 2005 . The 'modified virus dilution approach' following Bongiorni et al. (2005) in this study is much easier to manipulate in the field, when compared to the 'virus reduction approach' (Wilhelm et al. 2002) . However, diluting hosts in the initial water by the 'modified virus dilution approach' would stimulate host growth rates and lytic cycles in the lysogenic infections, which might overestimate viral production. Because viral decay by colloidal and heat-labile substances still occurs in the diluted water, apparent viral production calculated from the incubated bottles should be revised by the viral decay rate to acquire viral production in situ. Thus, if infected bacterial abundances in the diluted bottle are too low, the development of viral abundance over time would barely be observed or might even show a decreasing pattern (pattern iii shown in Fig. 2b) .
Five different patterns in the viral production curve were observed (Fig. 2b,c) . Patterns i and ii (Fig. 2b) showed an increasing viral abundance during incubation and had only 1 peak, which has commonly appeared in experiments using the 'virus reduction approach' (Wilhelm et al. 2002) . However, most curves in our experiments had 2 peaks (patterns iv and v; Fig. 2c) ; similar patterns occurred in viral production dilution experiments conducted in the North Sea (Winter et al. 2004) . Because the incubations in our experiments lasted for about 12 h, some being mainly during the day and others at night, one possibility might be that there was a diel signal of viral infection and/or lysis in the SCS as in the North Sea, where viral lysis of bacteria occurred around noon to afternoon, and infection occurred mainly during the night (Winter et al. 2004) . Another explanation might be the delay in viral production that occurs when using the dilution and reoccurrence approach (Weinbauer & Suttle 1999 ).
Dynamics of bacterial and viral abundances
Bacterial abundance was positively related to chl a (Table 3) , which indicates that it is largely controlled by the labile dissolved organic matter produced by primary producers in the oligotrophic SCS. However, there was no significant relationship between viral abundance and chl a or between viral and bacterial abundance (Table 3 ). This may imply that, on a relatively short temporal scale and limited spatial scale, viral abundance in the oligotrophic SCS is determined neither by trophic status nor by host abundance. The lack of relationships described above is not unexpected because viral abundance is a dynamic combination of viral production and removal, both of which are influenced by many factors such as trophic status, mixing, UV radiation and turbidity (Suttle & Chen 1992 , Bongiorni et al. 2005 or by direct consumption by heterotrophic nanoflagellates (González & Suttle 1993) .
Bacterial growth rate and virus-induced bacterial mortality rate
The bacterial growth rate in the SCS was comparable to rates determined by dilution approaches in oceanic waters, such as 1.0 to 1.1 d -1 in the North Sea (Yokokawa et al. 2004 , calculated from Eilers et al. 2000 ) and 1.55 d -1 off Kuroshio, Japan (Yokokawa & Nagata 2005) . It has been reported that dilution approaches do not properly measure the in situ bacterial growth rate because of the dramatic change of taxonomic composition in diluted incubations (Fuchs et al. 2000) ; however, Yokokawa et al. (2004) suggested that artificial enhancement of bacterial growth rate was minimal.
Bacterial growth rate was positively correlated with salinity and SiO 3 2 -, as was m (Table 3) . Because high salinity and nutrients are characteristics of deep water upwelled in cold eddies, the above relationships indicate that increasing trophic conditions enhance both μ and m. Similar findings have been reported along a trophic gradient in the North Adriatic Sea (Bongiorni et al. 2005) . However, we did not observe any relationship between bacterial production and hydrological conditions (temperature and salinity) or trophic conditions (SiO 3 2 -and chl a). We observed a very high bacterial mortality caused by viral lysis (average 77.82 ± 20.12% of daily growth; i.e. m/μ; Table 4) among the investigated stations; this indicates that viral lysis plays an important role in bacterial mortality in the SCS. However, in the MR plume, low values of m/μ and BP Loss were found, together with a low m. All 3 parameters (m, m/μ and BP Loss ) were significantly lower in the MR plume than in CE I, CE II and OO water. In addition, at Stn YS12, where there was a bloom of Trichodesmium spp., m and m/μ (0.69 d -1 and 66.35%) were much lower than at other stations in the northern area (Table 4) . Thus, it can be concluded that viral lysis was not so heavily responsible for bacterial mortality in the MR plume and in the water containing the Trichodesmium spp. bloom. We speculated that bacterial and viral communities had shifted but were not in a steady state under the influence of the Mekong River plume and the Tricho desmium spp. bloom, and that the succession and mismatching between immature bacterial and viral communities were responsible for the low m, m/μ and BP Loss . In addition, adsorption of viruses on particles (such as particulate organic matter and transparent exopolymeric particles) carried by the Mekong River freshwater, or formed by Trichodesmium spp., might reduce the viral infectivity and hence the infection rates, and consequently reduce m, m/μ and BP Loss (Suttle & Chen 1992 , Noble & Fuhrman 1997 , Weinbauer et al. 2009 ). A strong relationship between μ and m observed in this study (Fig. 5 ) is in agreement with the findings of Middelboe (2000) , which show that the rates of bacterial lysis are positively correlated with the host growth rates in chemostat cultures within a marine virus-host system. Furthermore, a higher contact rate between bacteria and viruses, resulting from higher bacterial growth, may be responsible for a higher m.
Viral production and viral decay rate
Using the dilution approaches, viral production was reported to range from 4 × 10 6 to 10 7 viruses ml -1 h -1 in eutrophic waters (Wilhelm et al 2002 , Bongiorni et al. 2005 , and 0.20 to 1.1 × 10 6 viruses ml -1 h -1 in mesotrophic and oligotrophic waters (Winter et al. 2004 , Bongiorni et al. 2005 . In general, viral production in the SCS was comparable to that in oligotrophic and mesotrophic waters. The highest viral production was found at stations located in the cold eddies (Stns TS-1 and Y03, Table 4 ) and was comparable to viral production in mesotrophic waters (Wilhelm et al. 2002) , which we believe to be related to high primary production in the cold eddies as indicated by high chl a. A previous study along a trophic gradient in the North Adriatic Sea reported similar findings and showed that higher rates of bacterial production and host cell metabolic activities can sustain higher viral production (Bongiorni et al. 2005) . However, viral production had no apparent relationship with surface chl a, bacterial growth rate or bacterial production in this study (Table 3) , suggesting that viral production may not be solely determined by trophic status in this part of the SCS. Nevertheless, we found that viral production in mesotrophic waters (the MR plume, CE I and II) was higher than in oligotrophic waters (the OO water). We speculate that the lack of significant relationships between viral production and water column trophic conditions was caused by complex hydrodynamics (cold eddies and the Mekong River plume) during our investigation.
To date, different approaches have been used to assess viral decay rates, and the data from different studies are thus difficult to compare (Parada et al. 2007 ). Here, we compare results from the SCS with previous studies in which dark-incubation of filtered or unfiltered seawater was used, as in this study. Viral decay rates in the SCS (range 0.007 to 0.051 h ; Guixa-Boixereu et al. 1999 ). In addition, viral decay rates in the surface SCS were about 1 magnitude higher than those found in the mesopelagic and bathypelagic waters of the North Atlantic (range 0.001 to 0.004 h -1 ; Parada et al. 2007 ). Differences in viral decay rates within different waters might be related to hydrological and biological differences. It has been reported that eutrophic systems, compared with oligotrophic systems, might promote higher viral decay rates (Bongiorni et al. 2005) , and we did find that viral decay rates were significantly higher in the southern area, which received the Mekong River plume, than in the northern area (ANOVA, p < 0.05, n = 13) ( Table 4 , Figs. 1 & 3k) . Furthermore, we found that viral decay rates increased with viral production, which might also imply that the trophic status determined viral decay rates. A previous study indicated that viral decay rates increased with temperature (Cottrell & Suttle 1995) , although the temperature gradient caused by the cold eddies and freshwater plume seemed to be very small (ΔT = 1.9°C; Table 1 , Fig. 3a) . In this study, viral decay rates significantly increased with seawater temperature, as reported in another study (Parada et al. 2007 ).
Colloid and heat-labile substances are important causes of viral removal, and the proportion of viral removal by these factors is different in eutrophic and oligotrophic waters; however, few data are available (Winter et al. 2004 , Bongiorni et al. 2005 . Combined with other data, such as viral removal by grazing, the proportion of viruses removed by colloid and heatlabile substances can help us to better estimate which pathway plays a more important role for viral removal. From the VDR/VP, we found that the proportion of viruses removed by colloidal and heatlabile substances differed from station to station (Table 4 ). The highest removal (55.64%) was found at Stn YS12, where there was a bloom of the nitrogen-fixing cyanobacterium Trichodesmium during the sampling period. Trichodesmium is a filamentous, colonial cyanobacterium prevalent in tropical and subtropical waters, and it is also one of the dominant red-tide phytoplankton species. Previous studies have shown that the Trichodesmium bloom releases extracellular substances (photosynthetic precursors) during photosynthesis (Pant & Devassy 1976) , and an average of 50% of the N 2 fixed by Trichodesmium is apparently released as dissolved organic nitrogen (Glibert & Bronk 1994) . Some of the extracellular matter and dissolved organic nitrogen released by Trichodesmium might be active enzymes or may further form colloids (i.e. colloidal and heat-labile substances), which might elevate the viral decay rate at this bloom-forming station (YS12) compared to other stations. At stations located in CE I and II, where the temperature was slightly lower, viral removal by colloidal and heat-labile substances was very low. Furthermore, a strong relationship between the temperature and VDR/VP (Table 3) indicates that colloidal and heat-labile substances play a more important role in viral removal when the seawater temperature is elevated. Because viral decay rates and the proportion of viral removal by colloidal and heat-labile substances were both sensitive to temperature, temperature fluctuation due to the cold eddies might play an important role in viral dynamics in the oligotrophic SCS.
Viral turnover and burst size
Viral turnover times calculated in this study are shorter (from hours to days, average 18.07 ± 10.15 h) than those reported in other studies carried out in oceanic waters (on average 6.1 d); however, they are comparable to those in coastal/shelf waters (on average 1.6 d) (Weinbauer 2004) . The main reason for the discrepancy could be that different methods were used. Previous studies usually assessed viral turnover from viral decay rate on the assumption that viral decay rate is equal to viral production (Weinbauer 2004) . However, this is not necessarily the case, because viral decay rates in some studies, such as that of Suttle & Chen (1992) , accounted for only those viruses removed by the colloidal and heat-labile substances in the water, but did not account for the total removal of viral production of the system, due to the method used (Bongiorni et al. 2005) . Our results showed that viral turnover in the SCS in summer was high, especially in CE II. Other studies conducted during this cruise also showed moderately higher biological turnover rates in the cold eddies (Chen et al. 2009 ).
The average viral burst size (64) in the SCS was about 3 times that of the average burst size (23) calculated by Parada et al. (2006) for marine environments. A higher viral burst size was found at Stns Y23 and Y25 in the MR plume. It is known that the cell size of the host may directly determine viral burst size (Parada et al. 2006) . Our results could be due to the higher dissolved organic and inorganic nutrient input from river water which might induce a larger bacterial size and sequentially a higher burst size of the infected bacteria at the above stations. Negative correlation of salinity with burst size further supports the above explanation (Table 3) . It is also suggested that viral burst size increases with the trophic status of the environment and bacterial production (Parada et al. 2006) . However, such trends were not apparent among our investigations (Table 3) .
Comparison of biological parameters among different waters
In this study, the Mekong River plume and cold eddies might influence the phytoplankton, bacteria and viruses in 2 ways. First, the freshwater plume or upwelled water may change the physical and trophic conditions, such as temperature, salinity, nutrients and dissolved organic matter. Second, the plume or subsurface bacterial and viral communities mix with the surface ocean communities and form non-steady-state bacterial and viral communities.
The fact that no significant differences were found in chl a, bacterial and viral dynamic parameters between CE I and II (Tables 1, 2 & 4) implies that the cold eddies formed in summer in the SCS may stimulate similar biological responses. From significantly lower chl a and bacterial abundance in the OO water -compared to the CE I, CE II and MR plume (Tables 1 & 2) -and elevated viral abundance, viral decay rates, viral production and VDR/VP with enhanced nutrients, it is evident that substrate input (nutrients and organic matter) from the deep layer (cold eddies) or the river plume enhanced the standing stock of the microbial community (primary producer, bacteria and viruses).
Significantly lower bacterial growth rates, m, m/μ, and BP Loss in the MR plume, compared to CE I, CE II and the OO water, and no significant differences among the latter 3 waters ( Table 4 ), indicate that bacterial and viral activities have distinct responses to the upwelling of cold subsurface water (stable activity) and the freshwater plume (decreasing activity). It is known that nutrients and dissolved organic matter upwelling from the deep sea are mineralized from the particulate organic matter sinking from the upper layer, and might be as homogeneous as those in the upper layer. In contrast, nutrients and dissolved organic matter from freshwater sources are quite heterogeneous when compared with those present in oceanic water. Because freshwater and marine environments have very different bacterial community structures , we speculate that the influence of freshwater on changes in the in situ bacterial community structure would be dramatic and it would take time to form a mature (steady state) community for the mixed water, while the influence of deep water should be a mild and equilibrated process. The adjustment of bacterial and viral communities in the MR plume could cause low bacterial and viral activities. Therefore, when compared with the OO water, the homogeneousness of nutrients and dissolved organic matter might explain the constant bacterial and viral activities in CE I and II, whereas the heterogeneousness might explain the decrease in bacterial and viral activities in the MR plume. Another explanation for the constant bacterial and viral activities in CE I and II is simply that the subsurface cold water did not reach the surface, and thus had limited impact on bacterial community structure or physiology. In short, the stability of the environments in question might determine bacterial and viral activities.
CONCLUSIONS
This study provides data on comprehensive viral dynamic parameters simultaneously, including viral production, viral decay rate, virus-induced bacterial mortality rate, viral turnover time and burst size in the western SCS; the sampling area consisted of different physical settings -from mesoscale cold eddies to the influences of a freshwater plume. Modest viral production and viral decay rates were observed, and viral production was higher in mesotrophic waters (freshwater plume and cold eddies) compared with oligotrophic SCS waters. Within the temperature gradient generated by the cold eddies or the freshwater plume, viral decay rate and the proportion of viruses removed by colloidal and heat-labile substances showed a significantly negative response to low temperature. Viral lysis was one of the most important causes of bacterial mortality in the western SCS in summer, and the virus-induced bacterial mortality rate was determined by bacterial activity. We found that the biological standing stock was largely determined by the trophic status, while bacterial and viral activities might be influenced by the stability of waters. Because the mechanisms controlling viral dynamics in different marine environments are still not clear, more studies are needed to better understand the role of viruses in biogeochemical processes. 
